A survey is presented of the storage capacities of a large number of different adsorbents for hydrogen at 77 K and 1 bar. Results are evaluated to examine the feasibility and perspectives of transportable and reversible storage systems based on physisorption of hydrogen on adsorbents. It is concluded that microporous adsorbents, e.g. zeolites and activated carbons, display appreciable sorption capacities. Based on their micropore volume (∼ 1 ml/g) carbonbased sorbents display the largest adsorption, viz. 238 ml (STP)/g, at the prevailing conditions. Optimization of sorbent and adsorption conditions is expected to lead to adsorption of ∼ 560 ml (STP)/g, close to targets set for mobile applications. In the last two decades there has been an increasing interest in the development of (transportable) reversible systems for hydrogen storage with a high capacity, which is critical to the large-scale application of hydrogen fuel cells, in particular for mobile applications [1]. Up to now focus has mostly been on liquid-hydrogen and metal-hydride systems, which both have low energy efficiencies [2]. A higher energy efficiency is attainable with systems in which hydrogen is concentrated by physical adsorption above 70 K using a suitable adsorbent [3][4][5]. Such an absorbent should be safe, light and cheap and of course have a high adsorption capacity. In order to obtain a suitable driving range for automotive applications the United States Department of Energy (DOE) target has been set to 6.5 wt %, which equals 720 ml (STP)/g adsorbent . Schwarz and co-workers [6-8] studied the applicability of molecularly engineered activated carbons and came up with promising results. Much excitement has arisen on recent reports on the use of carbon nanofibers [9] and carbon nanotubes [10, 11] In this paper we present a survey of the storage capacity for hydrogen at 77 K and 1 bar of a large number of different types of adsorbents -silicas, aluminas, zeolites, graphite, activated carbons and carbon nanofibers -in a wide range of specific surface areas and of different textures, in order to give further direction to our research on the development of a suitable storage system.
In the last two decades there has been an increasing interest in the development of (transportable) reversible systems for hydrogen storage with a high capacity, which is critical to the large-scale application of hydrogen fuel cells, in particular for mobile applications [1] . Up to now focus has mostly been on liquid-hydrogen and metal-hydride systems, which both have low energy efficiencies [2] . A higher energy efficiency is attainable with systems in which hydrogen is concentrated by physical adsorption above 70 K using a suitable adsorbent [3] [4] [5] . Such an absorbent should be safe, light and cheap and of course have a high adsorption capacity. In order to obtain a suitable driving range for automotive applications the United States Department of Energy (DOE) target has been set to 6.5 wt %, which equals 720 ml (STP)/g adsorbent . Schwarz and co-workers [6] [7] [8] In this paper we present a survey of the storage capacity for hydrogen at 77 K and 1 bar of a large number of different types of adsorbents -silicas, aluminas, zeolites, graphite, activated carbons and carbon nanofibers -in a wide range of specific surface areas and of different textures, in order to give further direction to our research on the development of a suitable storage system.
Experimental
A large number of carbonaceous (see Table 1 ) and silicaalumina-based (see Table 2 ) sorbents were all characterized using N 2 physisorption at 77 K and up to a pressure of 1 bar. The sorbents were chosen to represent a large variation in surface areas and (micropore) volumes. Both non-porous materials, such as aerosil and graphites, and microporous sorbents, such as activated carbons and zeolites, were selected. First we provide a brief description of the samples selected with the sample numbers between brackets. Activated carbons are highly micro-and mesoporous carbon materials. They have been steamed or chemically activated. Steam-activated carbons (7, 8, 11, 12, (14) (15) (16) (17) (18) (19) have been prepared from raw materials (e.g. peat, lignite, coal) and carbonized and reacted with steam at 1000
• C. In this way some of the carbon atoms are removed by gasification, which yields a very porous structure. Chemically activated carbons (20) are produced by mixing an activation chemical (usually phosphoric acid) with a young carbonaceous material (usually sawdust), and carbonizing the resultant mixture at 500
• C. The resulting very porous carbon structure is filled with activation agent, which is removed from carbon by washing [15] . Activated carbon fibers (5, 6, 12) have been prepared by controlled pyrolysis of various structures, e.g. the synthetic polymer polyacrylonitrile (PAN) or coal-tar pitch [16] . These fibers are subsequently subjected to activation as described for the activated carbons. Activated graphite (3, 9) is synthetic graphite that has been activated in the same way as described for the activated carbons. Carbon nanofibers (2, 4, 10, 21) have been catalytically synthesized. They consist of conical (fishbone, 2, 4, 10) or tubular (parallel, 21) graphite planes [17] . Zeo- lites are highly crystalline, microporous materials, consisting of silica and alumina. Zeolite L (23) consists of unidimensional 12-ring pores, with 0.9 nm diameter. Ferrierite (25) is a two-dimensional pore network, consisting of pseudospherical cages with 8 ring openings (0.35 × 0.48 nm) and interconnecting 10-ring pores (0.42 × 0.55 nm). consists of tridimensional interconnecting 10-ring pores of dimensions 0.51 × 0.55 nm [18] . The silicas and aluminas (22, (26) (27) (28) (29) (30) (31) (32) (33) (34) 36 ) are all commercially available inert catalyst supports selected for their lack of microporosity. MCM-41 (35) is an all-silica material, consisting of highly regular, 3-nm-diameter channels [19, 20] . From the N 2 physisorption data, obtained with a Micromeritics ASAP 2400 apparatus, the BET surface area, total pore volume (PV), micropore volume and t-surface were derived. All pore volumes are expressed in ml/g; the micropore volume (MPV) is defined as the pore volume of the pores < 2 nm. The BET surface area (S BET ) is the surface area of the sorbent according to the model formulated by Brunauer et al. [13] for planar surfaces (m 2 /g). The equation is formulated to assess multilayer adsorption of small inert molecules on substrates. The t-surface area (S t , m 2 /g) is derived from the t-plot and is the mesoporous (> 2 nm) surface area of the sorbent, i.e. the amount of surface area excluding the micropores [14] .
The H 2 -adsorption measurements were performed with a Micromeritics ASAP 2010 at 77 K in the pressure range 0-1 bar. From adsorption-desorption experiments it is evident that reversible physisorption exclusively takes place with all samples.
Results and discussion
The results of the N 2 and H 2 physisorption measurements are shown in Tables 1 and 2 . In these tables CNF is used to des-
